Possible inflexions in isothermal binding plots derived from equilibrium-dialysis measurements and in equivalent plots obtained by polarimetric measurements accord with the possibility that discrete Ca2+-heparin-water complexes/phases may exist, the nature and proportions of which depend on the conditions under which the interaction occurs. Analysis of the plots obtained by polarimetric study of chemically modified heparins suggests, for individual substituents groups, an order of importance of carboxylate > N-sulphonate > N-acetyl > 0-sulphate for the Ca2+-heparin interaction occurring at [Ca2+]/[heparin disaccharide] ratios of less than 0.5. At higher ratios, transitions occur that eventually lead to the formation of a complex in which the stoichiometry of association is 1 Ca2`ion/heparin disaccharide unit.
INTRODUCTION
Heparins are strongly acidic and possess several chemical groups that interact with a variety of cations. Many modulations by metal ions, including Ca2l, of the activities of heparins in vivo and in vitro have been discussed (e.g. Long & Williamson, 1979 . Results of heparin-cation studies carried out with dilute aqueous solutions have been interpreted either in terms of simple electrostatic interactions or in terms of additional chemical interactions resulting in cations binding to specific sites on the polymer. Manning (1969a,b,c) predicted that counter-cation condensation on to a polyanion occurred whenever a critical density of charge along the polymer was exceeded, and suggested the existence of a critical counterion concentration, below which condensation occurred, and above which the ions existed in an ion atmosphere. An additional, 'two-variable' model (Manning, 1977 (Manning, , 1978 extended the idea to include the possibility of exchange ofcations between sites. In these models, ion interaction is independent of the chemical nature of the anionic sites on the polyelectrolyte, and, except for its charge, is independent of the chemical nature of the counterion.
Physical studies by Boyd et al. (1980) , Liang & Chakrabarti (1982) and Mattai & Kwak (1988) , however, support the concept of site-specific Ca2+-heparin interaction. I.r. spectra of different cation-heparin complexes showed cation-dependent variation and a cation-dependent transition between conformational states, possibly with different hydration chemistries (Grant et al., 1987a,b) . Further, a dependence on [Na+] of the diffusion rates of ions in aqueous heparin solutions lacking additional electrolyte (Ander & Lubas, 1981 ; Ander & Kardan, 1984) , and an apparent polyanionic charge on heparin smaller than that predicted by electrostatic theory (Tivant et al., 1983) , suggest that all heparincation interactions may not be explained by simple electrostatics. These studies are well summarized by Nieduszynski (1989) .
For Ca2+ binding, a predominant role for carboxylate groups has been suggested (Grant et al., 1987a) , with N-sulphonate groups playing a subsidiary role (Liang & Chakrabarti, 1982; Ayotte & Perlin, 1986) . In addition, in the presence of Ca2+ the polymer may be held in a conformation that is stabilized by an interaction between N-sulphonate and carboxylate groups, possibly involving hydrogen-bonding (Grant et al., 1987a,b) . Additional complications involve the possibility of multiphasic interactions (Burger et al., 1984; Grant et al., 1986) , and the involvement of co-ordinated water molecules in the interaction (Grant et al., 1987a) .
The present paper explores Ca2+-heparin interaction with the use of equilibrium dialysis, polarimetry and i.r. spectroscopy; the results obtained accord with the notion that more than one type of Ca2+-heparin complex may exist.
EXPERIMENTAL
The source, preparation and properties of the heparin and of the chemically modified heparins used have been described previously (Grant et al., 1987a (Grant et al., , 1989 . Polymers were converted into particular cation complexes by passage through appropriate cation forms of Amberlite IR-120 cation-exchange resin. Sparksource m.s. showed a greater than 99 % efficiency of the cationexchange process. Water contents of Na+ forms of heparin and of modified heparins were deduced following calculation of formula weights from uronic acid residue (Blumenkrantz & Asboe-Hansen, 1973) or, for carboxy-reduced heparin, glucosamine residue (Hurst & Settine, 1981) assay. An average heparin disaccharide unit was taken to be hexadecahydrated (Atkins et al., 1974; Grant et al., 1990 ) tetrasodium 2-0-sulphatoiduronosyl 6-0-sulphatoglucosamine 2-N-sulphamate.
Details of equilibrium dialysis were as described by Grant et al. (1986) and Woodhead et al. (1986) . I.r. spectroscopy of aqueous films of heparin-cation complexes was carried out by a multiple-specular-reflectance technique as described by Grant et al. (1987a) .
Polarimetric measurements were made with a Thorn Automation-NPL type 243 automatic polarimeter. Nitrocellulose membrane (2,m)-filtered solutions of heparin or of modified heparins (6 ml in water, except for the experiment reported in Fig. 1 , in which the solvent was 0.15 M-NaCl) were prepared and placed in the silanized glass cell immediately before the experiment. Consecutive 1 ,l additions of CaCl2 solution (2.02 M) were made to the cell. Correlations were applied for the cell blank and for the small dilution effects resulting from CaCI2 addition. Addition of CaCl2 solution, which itself was not optically active, elicited an increase in optical rotation that reached a maximum at high [Ca2+] (Moffat et al., 1984) . Similar experiments were carried out with solutions of LiCl, NaCl, CuCl2 and ZnCI2. Additions of each of these to the polymer solution elicited an increase in polymer optical rotation; in the case of CuCI2 solution, addition produced a decrease in optical rotation. Addition of CaC12 solution to modified heparins produced an increase in polymer optical rotation, except for de-N-sulphonated de-0-sulphated N-acetylated heparin, in which case a decrease in optical rotation occurred. For the purpose of comparing results from polarimetric measurements with those obtained from equilibrium dialysis experiments, the change in optical rotation that occurred after addition of cation was expressed as [(optical (Dunstone, 1962) . Fig. 3 shows polarimetry-derived plots for Ca2+-heparin interaction obtained with various concentrations of heparin in water rather than, as in Fig. 1 Inflexions in similar plots derived from equilibrium-dialysis experiments have been interpreted in terms of a multiphasic interaction between cation and polymer (Boyd et al., 1980; Grant et al., 1986; Woodhead et al., 1986) . Future polarimetric measurement, with even more precisely structurally defined polymer preparations than are used here, offers the possibility of more detailed analysis of putative points of inflexion than has been undertaken following equilibrium-dialysis experiments, in which the limited number of samples taken can restrict the precision of the plots constructed. However, the present results suggest that an inflexion may occur at a ratio of about 0.5; certainly at lesser ratios a direct linear relationship appears to exist between the polarimetry-derived fraction and the [Ca2+]/ [heparin disaccharide] ratio. This indicates that, under such conditions, cation-heparin interaction occurs by a mechanism that cannot be described adequately in terms of conventional solution-phase reversible-equilibrium thermodynamics. This is also suggested by the coincidence of the plots obtained with different heparin concentrations (Fig. 3) .
Because of the relationship suggested by the results in Fig. 2 , polarimetry-derived plots for the interaction of Ca 2+ with several modified heparins were prepared, in an attempt to assess the importance of various heparin substituent groups to Ca22+ binding. Table 1 shows maximal optical-rotation changes seen when high [Ca22+] was added to solutions of Na+ forms of the polymers.
The results suggest that each of the modifications decreases the water component of the Na'-polymer complex. (see the Experimental section). Fractions were derive metric measurements as described in the Experin Na+-heparin concentrations (mg/ml) in water were 4.77; C, 9.56; 0, 14.30. water molecules available for release from the pol binding. Fig. 4 . Maximal optical-rotation changes occurring on addition of Ca"+ to Na+ forms of modified heparins as a function of polymer hydration Data from which the graph is constructed are given in Table 1 . simple aqueous solution equilibrium processes and that are maintained by forces additional to simple electrostatic ones. Possible inflexions in isothermal binding plots obtained by equilibrium dialysis and in equivalent plots obtained by polarimetric measurements accord with the suggestion (Boyd et al., 1980; Burger et al., 1984; Grant et al., 1986) Conversion of Na+-heparin into Ca2+-heparin results in a shift in the frequency at which the heparin carboxylate symmetric stretching bond absorbs (Grant et al., 1987a) , and an increase in N-sulphonate absorbance at 1185 cm-' (Grant et al., 1987b) . This suggests involvement of these anionic groups in cation binding. There is little effect on 0-sulphate group absorbance (Grant et al., 1987a) . The conversion of Na+7heparin into Ca2+-heparin is accompanied by a decrease in polymer water content (Grant et al., 1990) . A near-i.r. spectroscopic analysis of Ca2+-heparin suggests that, in this form of the polymer, water is held by simple relatively low-energy hydrogen-bonding, whereas in Na+-heparin water is held by stronger hydrogen bonds (Grant et al., 1987a) .
Because of the relationship suggested in Fig. 2 , and because of the apparent involvement of carboxylate groups in cation binding, the frequency at which the carboxylate band occurred for various bivalent cation-heparin complexes was plotted against the maximal change in optical rotation seen when high [cation] was added to heparin (Fig. 5) . The graph includes a plot of the frequency measured in the presence of tetramethylammonium ion, which binds minimally to heparin (Dais et al., 1988) . For four cations, an apparently linear relationship suggested by the plot accords with the idea of the importance of the carboxylate group in heparin-cation binding. The Mg2+-heparin complex generates a point that diverges from the main part of the graph. This result accords with the report that the 'two-variable' version of the ion electrostatic condensation model (Manning, 1977 (Manning, , 1978 accounts adequately for Mg2+-heparin binding, but that other multidentate cations, including Ca2+, bind to heparin more strongly than predicted by the electrostatic model (Mattai & Kwak, 1981 . The behaviour of Mg2+ in this context presumably results from the chemically 'hard' nature and particular ionic radius of the Mg2+ ion, which restricts its octahedral co-ordination to six poorly exchangeable water molecules of hydration.
In summary, our results suggest that the association between Ca2' and heparin cannot be described adequately in terms of simple electrostatic interactions. We believe that, in an aqueous environment, some heparin-cation complexes may resemble hydrated mineral-like colloidal states that are not subject to
